Patent 
703538.4027 

ITED STATES PATENT AND TRADEMARK OFFICE 



Appl. No. 


10/751,131 Confirmation No. 


Applicant 


Bedri Cetiner et al. 


Filing Date 


December 31, 2003 


Title 


RF MEMS Fabrication on a Laminated Substrate 


Group Art Unit 


2821 


Examiner 


Phan, Tho Gia 


Docket No. 


703538.4027 


Customer No. 


: 34313 




DECLARATION UNDER 37 CFR § 1.131 



Mail Stop Amendment 
Commissioner for Patents 
P. O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 



We, Bedri A. Cetiner, Mark Bachman, Guann-Pyng Li, Jiangyuan Qian, Hung-Pin Chang, 
and Franco De Flaviis, do declare and state as follows: 

1 . We have personal knowledge of the matters set forth herein and, if called as a 
witness, could and would testify competently thereto. Those matters set forth on information and 
belief are believed to be true. 

2. We are the only named joint inventors of the above-identified patent application, U.S. 
Non-Provisional Patent Application Serial No. 10/751,131, filed December 31, 2003, which claims 
priority to the Provisional Patent Application Serial No. 60/437,209, filed December 31, 2002. 

3. We are informed that the U.S. Patent Examiner reviewing our patent application 
believed that U.S. Patent No. 6,686,820 issued to Qing Ma et al, entitled 
"MICROELECTROMECHANICAL (MEMS) SWITCHING APPARATUS" (hereinafter "Ma et 
al.") discloses certain elements of claims 1,3, 6-9, 12-18, and 21 and anticipates those claims under 
35 U.S.C. §102(e), and discloses certain elements of claims 2, 4-5, 10-11, and 19-20 that, in 
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combination with other references, renders those claims obvious under 35 U.S.C. 103(a), 
respectively. 

4. We conceived every element of claims 1-21 prior to July 11, 2002, which is the filing 
date of Ma et al 

5. The article entitled "RF MEMS Switches Fabricated on Low Cost Microwave 
Laminates Using Low Temperature Processes" with dates redacted, attached hereto as Exhibit A, is 
an accurate reproduction of the original article in our possession. 

6. The article entitled "MonoHthic Integration of RF MEMS Switches with a Diversity 
Antenna on PCB Substrate" with dates redacted, attached hereto as Exhibit B, is an accurate 
reproduction of the original article in our possession. 

7. Exhibits A and B disclose, either expressly or inherently, every element of claims 1- 
21. Exhibits A and B demonstrate that we conceived of every element of claims 1-21 prior to July 
11,2002. 

8. We exercised reasonable diligence from the time we conceived of our invention to the 
time we described our invention to our patent attorney for the purposes of preparing the application 
to be filed. 

9. On information and belief, from the time we described our invention to our patent 
attorney to the day the provisional patent application 60/437,209 was filed on December 31, 2002, a 
diligent effort was made in the United States to prepare and review the application. The provisional 
patent application 60/437,209 discloses all of the elements of claims 1-21 to a degree sufficient for 
one of ordinary skill in the art to make or use the invention. 
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10. We further declare that all statements made herein of our own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that these 
statements are made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Title 18, United States Code, § 1001 and that 
such willful false statements may jeopardize the validity of the application or any patent issuing 
thereon. 

Dated: ,2006 

Bedri A. Cetiner 

Dated: ,2006 

Mark Bachman 

Dated: ,2006 

Guann-Pyng Li 

Dated: ,2006 

Jiangyuan Qian 

Dated: ,2006 

Hung-Pin Chang 

Dated: ,2006 

Franco De Flaviis 
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RF MEMS Switches Fabricated on Low Cost 
Microwave Laminates Using Low Temperature 

Processes 



A. Cetiner, Member, IEEE, H, P. Chang, J. Y. Qian, Student Member, IEEE. M. Bachroan, 
G. P. Li, Member, IEEE and R De Haviis. Member, IEEE 



Abslracp^Tiat paper reports RF MEMS swildies fabricated 
m nucroware laminate printed drcuit boards (PCBs) by using 
low temperature fabrication processes. The work is novel in that 
RF MEMS switches can be fabricated on to PCBs and the wsty 
ihey are ftibricatcd. The xiovd fabrication process, low 
temperature (90-l7(rC) high density inductively conpled plasma 
dico^cal vapor deposition (HDICP CVD) is the key process 
allowmg substraUi-independcttt MEMS technology while at the 
same time providing higher performance, yield, and reliability. 
The fabrication steps arc described in detail and the 
characterization of switches is prt>vided. This technology allows 
the choice of any substrate vritfa di!$ircd electrical properties for 
antenna applications such as RT/duroidSSSO [t^7^2f 
tan5=0.0004) and integration RF MEMS switches with antenna 
dements. As a proof of concept a multi^eleroent antenna system 
integrated with RF MEMS switches is designed and fabricated* 
Results are presented and discussed 

Inde^. rerwu— RF MEMS switches, low temperature process, 
printed drcoit board. 

I Introduction 

RF MEMS is a new emerging sub area of MEMS 
technology that is revoluuoDizing and making a big 
impact to today*s RF and microwave applications. Its low 
power, high performance, tuning range, and integration 
capability arc ihe key characteristics enabling potential 
improvemcnis in size, cost, and increased functionality. It is 
also a potential technology of choice holding a strong promise 
to meet die performance expectations of next generation 
communication systems. 

KF MEMS switches are the basic building blocks to the RF 
MEMS circuits. These switches have been demonstrated to 
have outstanding RF performance, veiy low insertion loss and 
high isolation [1], [2]. In addition, they are ultra low power 
devices and have very linear behavior with extremely low 
signal distortion [3). Such features make them very attractive 
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for modem radar and commimications applications, RF 
MEMS circuits such as variable capacitors, fillers, on-chip 
inductors, and phase shifters with BF MEMS switches as 
building blocks have demonstrated superiority over existing 
circuits [4], [51 [6], [7]. 

Although emphasis has largely been focused on and well 
established for RF performance of these switches, many efforts 
are still needed for state of the art RF MH^S switches in order 
to establish and improve their reliability while at the same time 
providing higher yield and reproducible performance. While 
the manufacturing cost is very low, die cost of a packaged RF 
MHMS switch component is much higher than its 
semiconductor counterparts (FET, pin-dtode) since packaging 
is still a major cost driver in current MEMS technology. 

Wo believe a system level approach to current MHMS 
technology involving the development of novel fabrication 
processes is the key to providing cost reduction as a 
consequence of functionality enhancement. With this 
motivation, specifically addressed in this paper is a novel 
fabrication process, low temperature hi^ density inductively 
coupled plasma chemical vapor deposition (HDICP CVD), 
with emphasis on its use in achieving substrate-independent 
RF MEMS technology with higher yield and reliability. The 
HDICP CVD process is described and the resulting SiN* layer 
is characterise in section II of this paper. 

Cost take-dm is mainly being achieved by using a HDICP 
CVD process that enables building RF MEMS switches on a 
very low-cost microwave laminate PCBs stich as RO4003-FR4 
substrate (Efs3.38, tan5ss0.002) [8] eliminating the necessi^ of 
expensive semiconductor substrates such as gallium arsenide, 
high-rcsisriviiy silicon, or alumina. The wide spread use of 
PCB technologies in tht majority of today's vwreless systems 
has also motivated us to develop RF MEMS technology 
compatible to very well established industry standard PCB 
technology. The other factor that reduces overall system cost 
is the elimination of some of the processing steps involved in 
typical RF MEMS switch fabrication owing to the 
conqjatibility between PCB and ttjc proposed RF MEMS 
teclmologies. The fabrication process steps for reconstructing 
RF MEMS switches on a RO4003-FR4 subslrate are given in 
section in. The topology of die RF MEMS switches here 
presented is similar to the one described in [1]. 
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fa addition to improvement in cost, developed 
technology aUows capabflity ^EMS iniegrauon 
componSs that enhance th. funcdonalny of djc ^s^. In 
ZL IV. as a proof of conoept we camed out the design and 
fabrication of a MEMS integrated antenna 
on a PC3. Tht structure of antenna elements ^ RF M^S 
s^vitcbes aUow monoUlhic batch fabrication by ehminatmg 
hybrid asseiribly, which is critical to lowenng cost 

AnoAer important impact of diis technology is on mnluclnp 
modulo (MCM) technology. The needs for enhancing the 
functionality, efficiency, and reliabiUty with simultaneous cost 
reduction in micrt>wave and nxUlimeter-wave applicauoi|S have 
Irig-ercd much interest in the development of novel multilayer 
packaging and interconnect technologies. Consequently there 
have been fundamental advances in (MCMs) with high-densiiy 
integration (9). Mote recently siUcon micromachined cirrait 
integration, which also shows exceptional promises for MEMS 
inlegrauon and packaging, has been offered to overcome some 
of the drawbacks of MCM technology such as high losses of 
interconnects and pasave components [10], [11]. Typical 
MCM structure consists of multiple MMICs, Iransmissjon 
lines established on different dielectric layers, vertical 
interconnects, and feedthroughs, all encapsulated in a package. 
A number of MCMs are solder attached on to a PCB to form a 
very high-density microwave or millimDier-wave sub system. 
As a result of this high-densiQr environment, the losses of the 
interconnects and coupling between circuits are inevitable and 
severely degrade the overall system perfoimance. The 
developed RF MEMS technology, however, allows 
establishing MEMS circuitry directly on PCB eliminaling 
some of the interconnect losses between MCM and PCB. This 
results in improvement in overall system performance and 
lower cost 

n. Low lEMPERAIUREHDlCPCVD PROCESS 
Plasma enhanced chemical vapor dq)osition (PECVD) is 
the most common method of deposiUng silicon nitride (SIN,) 
film in today's RF MEMS switch fabrication. If one, however, 
considers die fact that a typical maximum opttaling 
tunperature of many of die PCBs is approximately ISO'C, 
PECVD with 250-400"'C process temperatures cannot be 
employed for these substrates. 

A novel process meihod, a ve^ low-tcinperaiure (90-170'Q 
HDICP CVD to d^osit SiNx film has recently been developed 
at the University of California, Irvine, Integrated Nanosystans 
Research FaciUQf (UQ INRF) [12]. Results showed that SiN, 
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mm properties and offers advantages in RF MEMS switch 
technology over the SiN, films deposited by conventional 
PECVD. HDICP CVD SiNx ^as higher breakdown voltage, 
less pinhole density, and beuer uniformity than PECVD SiN,. 

The HDICP CVD method uses inductively coupled RF 
power to create high-density plasma in the processing reactor. 
The power from a RF generator is inductively coupled into the 
plasma chamber through a scralcgically located and designed 
antenna array. A set of magnets with Faraday shield copper 
tapes \vrapped around them is also utili^ lo further enhance 
Ihe plasma density and to adjust the plasma profile. As a Jesuit, 
HDICP CVD plasma density can be as high as 10 -10 
ions/cm^ whereas a typical PECVD plasma density is 
approximately lo' ions/cm^ It is this high-density plasma that 
allows deposition to take place at very low temperatures. A 
plasma profile with an excellent uniformity is this method's 
distinct feature that allows depositing very thin films with 
smooth surface across the wafer. A plasma density varying 
across the chamber results in different deposition rates within 
ihe wafer and causes poor unifonniiy for the deposited SiNx 
films. The irregularities in the profile of the SiNx film make 
accurate control of down state capacitance difBcull and create 
a big challenge for a distributed phase shifter described in [6]. 
On the other hand, HDICP CVD SiNx with perfca uniformity 
can easily provide excellent control of down position 
capacitance resulting in better reliability of the device. 

Firstly, we performed an atomic force microscopy (AFM) 
measurement to obtain the root-mean-square (RMS) roughness 
of HDICP CVD nitride films, and compared them to those 
deposited by PECVD- SiN, films of 0.1pm thickness are 
deposited on top of the Cu layer, as in the RF MEMS switch 
device, using three different operation conditions for HDICP 
CVD and an optimum condition for PECVD. Results are given 
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film deposited using die HDICP CVD method has excellcnl 

TABLE t COMPARISON OF WtfS ROUGHNESS (nnO BETWEEN HDICP CVD AND PECVD SiN.HUvlS 



HDICP CVD 


PEC 




SO0W,90*C 


500W, 170*0 


800W, 170"C 


250*'C 


300"C(1) 


1.6 


2.0 


2.2 


2S 


3.1 



.3 



in Table I and indicate that the SiN, films deposited at lower 
icmpeiatures possess smaUer BMS values. It should be noted 
heroin xhat Ihe lowf temperaturt nature of HDICP CVD method 
prevents the Cu electrode, on which SiNx is deposited, from 
being exposed lo high temperatures that may caust hillocking 
problems. If PECVD process is used to deposit the nitride 
layer, this hillocldng problem is inevitable and needs to be 
limited by depositing another layer of metal with a high 
melting temperauire on top of the Cu electrode (IJ. This extra 
process step, however, is not desirable for achieving snnplicity 
of the fabrication procedure. The roughness of SiNx film has 
significant influence on the switch down state capacitance, 
The smooth surface of the nitride film provides intimate 
contact with the meial membrane of the RF MEMS switch so 
that the contaa area is increased providing highw down state 
capacitance, which is criocal in order to achieve desired 
capadiancc ratio for better switclnng performance. The 
capacitance ratio is given by, 



+1. 



(1) 



whcsre C,^ represents Ihe up state capacitance, t^ir is the 
cbickness of the air layer irom lop of the niiride film to (he 
boiiom of the membrane, iji^ and ^ are the thickness and the 
dielectric perinittiviiy of the SiN, layer, respectively. Fig.l 
shows the AFM measuremcDt image of SiNx filn> surface 
deposited by HDICP CVD at the conditions of 9(fC and 
500W thai exhibited smoothest surface. 

To obtain the dielectric strength of the niiride film, we used 
meial-insulator-semiconducior (MIS) structure, in which SiNx 
film is sandwiched between the Cu contact and Si substrate. 
Current densiiy-elcciric field (J-E) measurements were carried 
out wife ihe HP 4145B parameter analyrtt-. Fig.2 shows the J- 
E curves for O.ljijn SiNx films deposited by HDICP CVD and 
PECVD methods. The observed breakdown strengths of the 
three HDICP CVD SiNx films are larger than 9 MV/cm. 

The other advantage of tlie HDICP CVD method over the 
PECVD method is its capability of depositing SiNx fdms as 
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fig. 3: >V curves of ibc HDICP CVD SiNx film of 250 A. 

thin as 250A. According to equation (1), a thinner SiNx film 
results in a higher capacitance ratio. However^ as indicated by 
Muldavin, et al [2], it is impractical lo deposit PECVD SiNx 
films thinner than lOOOA due to a large pinhole density thai 
results in low dielectric breakdown strength. We used 250A 
thick SiNx film deposited by HDICP CVD at the operating 
conditions of 800W and 90°C to determine its breaMown 
voltage. As seen in Fig.3 breakdown voltage is around 9 
MV/cm. This result proves thai SiNx films as thin as 250A can 
be used in RF MEMS switch devices withstanding typical 
actuation voltage (20-50V) without dielectric breakdown. RF 
MEMS switches fabricated with HDICP CVD process 
demonstrated a dramatic increase in their down posluon 
capacitance^ providing better switching perfomiance and an 
additional degree of fi^cdom in RF MEMS switch design [12] 

m. Fabrication Process AJ^iD Characterization 

A Fabrication 
An important advantage of the fabrication technology 
described in Ibis paper is its compatibili^ with industry 
standard PCB technology, thus reducing the total process steps 
involved in typical RF MEMS switch fabrication. This 
fabrication technology is substrate independent and offers 
versatility in substrate selection fit)m microwave laminate 
substrate families. We opted for the RO4003-FR4 [8] high 
performance laminaic (8^=3.38, tanS=0.002) since it is a 
preferred PCB for wireless applicaiions due to it$ very low 
cost and capability to handle the required higher frequencies. 

The fabrication begins with RO4003 laminate with copper 
layers of 8.Siim on both sides. The dielectric thickness is 
1.57mm.* The fabrication procedure is relatively simple and 
requires only 4 masks. Fig.4 shows the brief fabrication 
sequence. As a first step, etching the copper layer down on one 
side and removing the one on the other side forms CPW lines. 
For SOohm CPW line the widdi of the center conductor and 
that of the gap separating ground plane from center conducior 
axe chosen to be jSO^m and 40)im, respectively. Ncxt» a ihin 
layer of HDICP CVD SINx is deposited at the operating 
condition of 500W RF power and 90°C lemperaiure. 
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Fig. 4 Process flow of KP MEMS switches ftibricaied on 
ndciowavc Jaminaie substrwes. (a) Cu etching: Anteamas and all 
planar pam of the iiyscem m fabricated ol ihu step, (b) 
depo^don of HDlCP CVD SiNx. (c) D^osition of socrificial 
pbotoRsisi layo^. (d) CMP piocess. C^) Deposmon of Al aUoy 
membstne mctflL (f) Bemoving sacrificial photoresist layer to 
release ihe jittmbrane 

Following SiNx deposition, the film is etched by reactive ion 
etching (RIE) such that it only instilates the central portion of 
the CPW signal line providing capacitive contact between 
signal tine and ground plane for the switch down state. Next, a 
sacrificial photoresist layer needs to be applied over the 
surface consisting of different heights, due to CPW lines with 
metal thickness of 85(mi. This is the cridcal processing step, 
since it is diflicuh to apply a uniform coat of photoresist on a 
surface with different heights. On the other hand, one of the 
keys to success in obtaining mechanically reliable membrane 
structure lies in obtaining a very uniform profile in the 
patterned sacrificial pbotoresisc layer on which the metal 
membrane is depos^dtcd. To overcome this difficulty we use a 
planarization technique developed at the Ud INRF [13]. This 
technique is called compressing molding planarization and is 




Fig. S Aim profiles of che sacrificial photoresist layets (a] without 
CMP pcocess (b) wiih CMP piocess 



briefly described as follows: The photoresist is first applied by 
spin coating with low spinning speed to create a photoresist 
layer with a much higher thickness than that of meial in the 
CPW lines. It is then partially soft baked to drive off die 
solvent inside. Ne^tt, a mold master is applied on top of the 
phoiOT^si film for molding. The mold material is carefully 
chosen based on the properties of the film material to prevent 
the photoresist film from sticking to it during the process. We 
use AZ 4600 photoresist as a sacrificial layer, and 
polydimediylsiloxane (PDMS) is chosen as the mold materiaL 
The PDMS coated mold is then capped on the phoionssisi 
layer by a pressor. During the molding process heat is also 
applied to the presser to soften and mold the photoresist layer. 
The spacer with a specific diickness used to stop the molding 
process defines the desired thickness for the sacrifical layer. 
The Aickness of this sacrificial layer determines the height of 
the membrane over the CPW line, here chosen to be Spxn. 
After the molding process, the substrate is cooled down and 
released from the PDMS mold, Fig-5 shows the film profiles of 
the sacrificial photoresist layer obtained by using the tcncor 
alpha step with and without CMP process. It is evident that the 
CMP prt)cess is capable of providing a very flat surface with 
precise control of film thickness. Following the CMP process, 
the sacrificial photoresist layer is pattetned into the required 
membrane pattern. We then use low temperature metal 
sputtering process to deposit an Al alloy membrane layer of 
0 J|mi thickness followed by seleaive wet etching. It is wonh 
noting that this low temperature sputtering process not only 
satisfies the compatibility requirement with the substrate 
independent MEMS technology,- but also reduces compressive 
stress and elitninates stress gradients that occur in thin (less 
than l^m) metal films. A commonly used technique to control 
thin film stress is annealing bat it requires very high 
temperatures (300-900^C) that make it incompatible with 
MEMS fabrication on PCBs, The last process step is to 
remove the sacrificial PR layer by soaking the wafer in acetone 
to release the membranes. After removing the wafer from 
acetone, it is rinsed in boiling methanol to eliminate liquid 
surface tension of the membranes in order to prevent them 
firom being pulled down on SiNx film [14]. This last step 
combined with CMP and low temperature sputtering 
techniques play a significant role on membrane release yield. 
Indeed, our release yield is aknost 100%. 

B. Measurements 

The RF characterizadon of the MEMS switches was done 
using a HP 8510C network analyzer comiected to a Cascade 
probe station. The system was calibrated using standard ihru- 
reflection-line (TRL) on-wafer standards. S-parameter data 
was recorded over the firequency range of 0.1-20GHz, 
according to the fi^uency specifications given for RO4003- 
FR4 [8]. 

The measured insertion loss and renun loss of the switch in 
the up state is illtisirated in Rg.6a. The switch has 
approximately D.ldB loss at JO GHz and 0.35dB at 20GHz. 
The insertion loss of this switch is slightiy higher compared to 
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loss property {£r=2.2, tan5=0.00CH). We designed, febricaied, 
and measured individual switches and antennas at first. 
The nieasured s-parameters for the RF MEMS switches 
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Fig. 6 Measorcd S-paiamecns for the RF MEMS switches 
rubricated on ftO4003-FR4 in (a) ilie up position and (b) the 
down position 

Those of typical RF MEMS switches fabricated on 
semiconductor substrates. This is due to the dielectric losses of 
the substrate in addition to the ohmic losses of copper metal. 
To cany out the down position RF measurcments, we used 
external bias-tee circuits and the bias voltage was set at 30V, 
which is found to be the typical pull down voltage for these 
switches. The results arc shown in Fig.6b- The isolation is 
about 18dB at lOGHz and 24dB at lOCEz. 

rV. Proof OF CONOSIT': MEMS SwrrCHED ANTENNA 

A MHMS switched antenna was designed and built on a 
microwave laminate PCB substrate to establish a proof of 
concept for the developed RF MEMS technology. We used 
RT/duroid S880 microwave laminate [8] since it offers better 
perfbnnance for antenna applications owing to its very low 





a>) 

Fig. 8 Scbemalic of anuama geometry (a) Top view of the bolidm 
laycr^ W=2inni, S^lfmrn (b) 3-dimensional schcnifldc 



fabricated on RT/duroid 5880 are shown in Fig.7, Parallel to 
the lower loss charactmsiics of daroid material, the RF 
perfoimance is better than of those fabricated on RO4003 
substrate. The insenion loss is about O.OSdB at lOGHz and 
02dBat20CH2. 

The antenna structure used in this integrated system has 
evolved from tlie previously introduced so-called q-dime 
antenna structure [15]. In order to create an antenna structure 
that is compatible with PCB technology and suitable to MEMS 
integration, the structure of the q-dime antenna with three- 
metalization laym is modified such that an antenna structure 
\^th two metalization layers is obtained. In addition, this 
antenna structure is fed by a CPW line as opposed to the coax 
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Pig. 7 Measured S-psnunetet for the RF MEMS switchss fabricaied 
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Fig. 9 MBssuxed and caicukted remni loss of the antenna 
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Rg, 10 Measured and calculated radiaupn palian of the antenna at 
SGOz Cb) in E-planc (x-z plane) (b) in H plane Cy-z plane) 

feed of the q-dimc allowing easier integranon with CPW RF 
MEMS switches. The schematic of the anienna gconieTry is 
showji in Fig.8. Vertical and horixonial slots radiaie the 
electromagnetic field from this antenna. The vertical slot is 
fonncd between two sectoral patches, namely top and bottom 
patches, fonncd on top and bottom metalization layers of the 
RT/5880 duroid laminate. The boliom layer of the struclure is 
connected lo the upper layer through symmetric vertical walls 
with thickness of 1.57mm. The bottom layer contains the 
bouom patch, CPW feed line, and the horizontal slot (see 
Fig.8a). The measured and calculated impedance characteristic 
of the antenna is shown in Fig.9. The antenna possesses dual 
band behavior due to die two-slot structure. For a 1:2 VSWR, 
15% bandwidth is achieved for the first frequency band. If it is 
desired, broader bandwidth for single band operation can be 
obtained by optimizing antenna dimensions. Fig.lOa and 
FiglOb show the co-polar and cross-polar measured radiation 
patterns of the antenna in x-z and y-z planes, rcspeciively. In 
accordance with its geometry and size, the antenna exhibits co~ 
polar orientatifon parallel to the field orientation existing on the 
slots, Ee on the x-z plane and on the y-z plane. 

The fabrication of the MEMS switched antenna starts with 
building its planar parts* These include top and bottom layer of 
the antenna sbuccure, CPW lines for switches, dc bias and dc 
block circuits. Two masks containing the definitions of these 
planar geometries are used for the process step ' of Cu etching. 
Next we use vias with 0.2mm diameter to connect bottom and 
top metal layers. After obtaining this snucture we continue to 



Fig. 1 1 Pbotogra^ oT the MEM5-S wiiched-Antenna System 



(a) (b) ^ 

Hg. 12 Measuiod xadiation piaiem of the MEMSnSwltched- 
Antenna system at 6GHr in y-z plane (a) H-pol (b) V-pol 

fabricate RF MEMS switches as explained in section UI. 

Fig.ll shows the fiabricated MEMS-switched antenna 
system. The system consists of two antenna elements and two 
RF MEMS switches located on CPW feed lines to guide the 
RF signal between two antennas. RF MEMS switches enable 
to activate either antenna element for spatial or angular 
divcrsiiy, or operate them logcihcr to create a superposition 
radiation pattern for coverage rcconfigurability. Antennas are 
placed at 90^, so fliat by operating either antenna, orthogonal 
radiation patterns are obtained. We used high RF impedance 
quarter wavelength lines for dc bias voltage to prevent RF 
signal from being shorted by the power supply. Similarly, 
quarter wavelength dc block circuits isolate die dc bias signal 
from microwave signal (sec Hgll). These quaner- wavelength 
dc block circuits are from the RF MEMS switches to the 
output ports of the tee junction. These lines translate the RF 
short at the RF MEMS switch locations lo an RF open at the 
output ports of the tee junction. In other words, when either of 
the switches is acmated, RF signal sees an open at the output 
port of the tee junction on the actuated switch side so that RF 
signal can be directed to either path to sequentially operate the 
antennas. Fig. 12a and Hg.l2b illustrate the measured y-z plane 
V-pol and H-pol radiation patterns corresponding to the 
simultaneous operation of both antennas. Switching between 
antenna elements generates different spatial radiadon patterns 
ihat can be employed for spatial or angular diversity 
techniques [16] to increase receiver performance of the 
communication system. 

Y. Conclusions 

Substrate-independent RF MEMS technology featuring 
novel low temperature fabrication processes are developed in 
this work. Particular emphasis is given to microwave laminate 
PCS substrates due to their low cost and widespread use in 
wireless communication systems. This technology allows 
construction of RF MEMS switches on PCB substrates and 
thus provides enhanced overall system performance and 
functionality for high-density microwave subsystems 
consisting of muluchip modules (MCMs). High-performance 
substrates with desired electrical properties for MEMS 
integrated antenna systems can be chosen for high system 
efficiency. Present and future communication systems arc 
likely lo benefit from this MEMS technology in terms of its 



reliabiliiy. high yield, low cost, and increased system 
functionality. 
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Monolithic Integration of RF MEMS Switches 
With a Diversity Antenna on PCB Substrate 

B. A. Cetiner, Member, IEEE, J. Y. Qian, H. P. Chang, M. Bachman, G. P. Li, and F. De Flaviis 



Abstract — novel process for monolithic integration of RF mi- 
croelectromechanical system (MEMS) switches with three-dimen- 
sional antenna elements on a microwave laminate printed circuit 
board (PCB) is presented. This process calls for a low-temperature 
(90 ^C-170 ^C) high-density inductively coupled plasma chemical 
vapor deposition technique that allows the choice of any PCB sub- 
strate, such as RO4003-FR4 (e^ = 3.38, tan 6 = 0.002), with 
the desired electrical properties for antenna applications. A two-el- 
ement diversity antenna system monolithically integrated with RF 
MEMS switches is designed and demonstrated. 

Index Terms — RF microelectromechanical system (MEMS) 
switches, monolithic integration, low-temperature process, printed 
circuit board (PCB). 



L INTRODUCTION 

RF microelectromechanical system (MEMS) technology is 
an emerging subarea of MEMS teclinology that is revolu- 
tionizing RF and microwave applications. RF MEMS switches 
are basic building blocks for a variety of new RP MEMS cir- 
cuits. These switches have demonstrated outstanding RF per- 
fonnance, very low insertion loss, and high isolation [1], [2]. 
In addition, they operate at ultra-low power levels with excel- 
lent linearity and extremely low signal distortion. Such features 
make them very attractive for modem radar and communica- 
tions applications. RF MEMS circuits such as variable capac- 
itors and phase shifters built upon RF MEMS switches have 
demonstrated superiority over existing ones [3], [4]. 

While the manufacturing cost of a single die is very low due 
to batch processing, a packaged RF MEMS switch component 
is expensive compared to its semiconductor counterparts (i.e., 
FETs, p-i-n diodes). This is because packaging is still a major 
cost driver in current MEMS technology. We believe devel- 
oping novel integrated-system fabrication processes through a 
system-level approach is key to reducing the cost of RF MEMS 
as a result of functionality enhancement. This can be achieved 
by integrating RF MEMS switches with other circuit elements. 
For example, monolithic integration of RF MEMS switches 
with power amplifiers on a GaAs substrate has been demon- 
strated [5]. Batch transfer integration and flip-chip assembly 
to place MEMS on different substrates have been proposed 
[6], [7]. More recently, integration of two-dimensional anterma 

Manuscript received ^I^^^BH^* revisedlHll^^y. This work was 
supported in part by the Defense Advanced Research Projects Agency under 
Grant MDA 97201-1-0025. 

The authors are with the Electrical Engineering and Computer Science De- 
partment, The University of California at Irvine, Irvine, CA 9261 7 USA (e-mail: 
bedn@uci.edu). 

Digital Object Identifier 10.n09yTMTr.2002.806521 



elements with RF MEMS switches on a glass substrate was 
also presented [8]. While the RF MEMS switch systems have 
been demonstrated in these papers, they are still limited in RF 
performance due to the substrate materials used for construc- 
tion, or limited in production cost due to the nonbatch process. 
In order to alleviate such substrate constraints and to facilitate 
three-dimensional (3-D) design that exploits performance 
limits of small size anteimas [9], it is worthwhile exploring 
an alternative integrated system technology to address system 
application needs and to optimize system performance. 

In this paper, we describe the monolithic integration of 3-D 
antenna structures with RF MEMS switches on a printed circuit 
board (PCB) to construct a diversity antenna. The compatible 
structures of an anteima element and RF MEMS switch allow 
monolithic batch fabrication, thus eliminating hybrid assembly. 
Low production cost is expected in this process by building the 
integrated RF MEMS-switched antenna directly on a low-cost 
microwave laminate PCB without requiring packaging indi- 
vidual components and matching impedance among various 
RF components. To demonstrate the integration concept on a 
PCB, we have chosen an RF MEMS-switched antenna that 
can be employed in diversity techniques and radiation pattern 
reconfigurability to improve receiver performance. The system 
is physically compact so that it can be integrated easily with 
portable communication devices. 

II. ANTENNA, RF MEMS SwrrcH, AND Their Integration 

A, RF MEMS Switch 

In this research, RO4003-FR4 [10] was used as a substrate 
due to its low cost and widespread use in wireless systems. 
We note that any ?CB substrate such as RT/Duroid5880 (cr = 
2.2, tan 6 = 0.0004) can also be used depending on the in- 
tended application. The topology of the RF MEMS switches 
used here is similar to the one described in [1]. The fabrication 
procedure! requires only three masks [11] due to its compati- 
bility with PCB technology. The SiNx layer providing capaci- 
tive contact at the switch down position is deposited by using a 
novel low temperature (90 °C-1 70 ""C) high-density inductively 
coupled plasma chemical vapor deposition (HDICP CVD) in- 
stead of conventional PECVD. PECVD with 250 °C-^00 °C 
process temperatures cannot be employed for many of the PCBs, 
which have typical operating temperatures of 1 50 ° C-200 °C. In 
addition to its low-temperature nature, HDICP CVD SiNx has 
higher breakdown voltage, less pinhole density, and better uni- 
formity than PECVD SiNx [12]. A brief fabrication sequence 

'Patent pending. UC Case 2002-369-1 . 
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(a) Antenna bottom patch and via formation 




(b) Uj^>er layer stnioturc formation and dielectric isolation 




(c) Sacrificial layer planarizatioii 




(d) Al membrane dqx>sition 




(e) Final release 
Switch Antenna 



Fig. 1. Process flow of monolithically fabricated RF MEMS switched 
diversity antenna on RO4003-FR4 PCB. 

(see Fig. 1) for the RF MEMS switch is given as the construc- 
tion of the integrated antenna is described in Section II-C. Mea- 
sured 5-parameters of switches fabricated on RO4003-FR4 PCB 
showed excellent RF characteristics similar to those of switches 
fabricated on semiconductor substrates [11]. 

B, Antenna Element 

The antenna structure used in this integrated system has 
evolved from the g-dime antenna structure [9]. In order to 
achieve compatibility with PCB technology and MEMS 
monolithic integration, we modily the g-dime antenna structure 
to contain only two metallization layers. In addition, this 
antenna structure is capacitively fed by a coplanar waveguide 
(CPW) line, as opposed to the coax feed of the g-dime. This 
allows easier integration with CPW RF MEMS switches. The 
schematic of the antenna geometry is shown in Fig. 2 (The 
bottom patch is shown as separated, in Fig. 2(b), for the sake 
of the illustration.) Vertical and horizontal slots radiate the 
electromagnetic energy from this antenna. The vertical slot is 
formed between two sectoral patches, namely, the upper and 
bottom patches, formed on the upper and bottom metallization 
layers, respectively, of the RO4003-FR4 laminate with copper 
layers of 16.5 fim and a dielectric thickness of 1.57 mm. The 
bottom layer of the structure is connected to the upper layer by 
two vertical walls. The upper layer contains the upper patch, 
CPW feed hne, and the horizontal slot [see Fig. 2(a)]. 

C RF MEMS Switch Integrated Antenna and Measurements 

The fabrication of the MEMS-switched antenna starts with 
building its bottom layer (bottom patches) and vias to coimect 
the bottom layer of the PCB to its upper layer, using a stan- 
dard PCB process [see Fig. 1(a)]. Next, we complete the an- 
tenna structure by wet etching its upper metallization layer. In 
this second step, the planar sections of the RF MEMS switches 
(CPW lines) are also formed along witii dc bias and dc block 
circuits [see Fig. 1(b)]. After this structure is obtained, we fab- 




(b) 



Fig. 2. Schematic of antenna geomctiy. (a) Top view of the upper layer {w = 
2 nun, 5 = 14 mm), (b) 3-D schematic. 




Fig. 3. Photograph of the monolithic RF MEMS switched diversity antenna. 

ricate RF MEMS switches following the process flow shown in 
Fig- Uc)-(e) without affecting the antenna structure. 

Fig. 3 shows the monolithically fabricated RF MEMS- 
switched diversity antenna. The system consists of two antenna 
elements and two RF MEMS switches located on CPW feed 
lines that route the signal to the two antennas. These switches 
activate either the anteima element for spatial or angular 
diversity or operate them together to create a superposition 
radiation pattern for coverage reconfigurability. Anteimas 
are placed at 90® so that, by operating either antenna, or- 
thogonal radiation patterns are obtained. We used high RF 
impedance quarter-wavelength lines for dc bias to prevent the 
RF signal from being shorted by the power supply. Similarly, 
quarter-wavelength dc block circuits isolate the dc bias from 
the microwave signal (see Fig. 3). These quarter-wavelength dc 
block circuits run from the RF MEMS switches to the output 
ports of the tee junction. These lines transform the RF short at 
the RF MEMS switch locations to an RF open at the output 
ports of the tee junction. Therefore, when either switch is 
actuated, the RF signal sees an open at the output port of the 
tee junction on the actuated side so that it can be directed to 
either path to sequentially operate the antennas. 
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Fig. 4. Measured retuni loss and mutual coupling for the RF MEMS switched 
diversity antenna. 
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Fig. 5. Measured co-pol. radiation patterns of the RF MEMS switched 
diversity antenna at 6.15 GHz. (a) In elevation planes: 0 = 45 and (/> = 135 
planes, (b) In azimuth plane (x-y-plane). 

Fig. 4 shows the measured input impedances of the antenna 
elements when either switch is actuated, and inter-element cou- 
pling corresponding to the simultaneous operation of the an- 
tennas (both switches in the up state). The antennas possess 1 8% 
bandwidth for a 1 : 2 voltage standing-wave ratio (VSWR) cri- 
teria. For the frequency band of interest, mutual coupling {S12) 
is below 20 dB, providing low correlation coefficients between 
radiating elements required for spatial or angular diversity tech- 
niques. Fig. 5(a) shows the radiation patterns of each antenna 
element measured at 6.15 GHz corresponding to the <t> = 45° 
and <f> = 135** elevation planes. The azimuth patterns of the an- 
tennas are given in Fig. 5(b). It is observed that individual op- 
eration of antennas (51 in the up state, 52 in the down state, or 
vice versa) allows covering 180** sectors by switching the beam 
between antenna elements. These radiation patterns can be em- 
ployed for spatial or angular diversity techniques to maximize 
the received signal while minimizing interference. 

ni. Conclusion 

RF MEMS technology featuring a novel low-temperature 
fabrication process has been used to create a monolithically 
integrated RF MEMS switched antenna system. The system is 
constructed on an RO4003-FR4 PCB substrate due to its low 



cost and widespread use in wireless communication systems. 
Switching between antenna elements creates different radiation 
patterns that can, in turn, be employed for different diversity 
techniques to enhance receiving performance while mitigating 
multipath effects. Current and future communication systems 
are likely to benefit from this RF MEMS technology. 
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